Introduction
The synthesis of optimal separation processes has been one of the most important subjects in process synthesis, and these separation processes are classified into two groups. One is that in which the products are pure substances, and various synthesis methods, such as heuristic,6) evolutional5' 7' 8) and algorithmic^methods, have been proposed. On the other hand, no proper methodhas been proposed for the other group (multicomponent products), into which the introduction of stream dividers and nonsharp separators is essential in reducing the separation cost. In this dressed to M. Muraki.
VOL. 20 NO. 2 1987 synthesis problem there exists information feedback among the separation sequence, the ratios of the stream division, and the degrees of separation sharpness, so it is troublesome to synthesize an optimal process. Assuming that the recovery of the key components at each separation breakpoint is unity (sharp separation), Muraki and Hayakawa4) and Muraki et al., 2) in preliminary research into this synthesis problem, developed two-stage evolutionary methods in which the separation sequence and the ratios of stream division are searched separately. The degrees of separation sharpness are also important design variables in synthesizing a multicomponent products separation process because these degrees have considerable influence on separation cost. If optimal degrees of separation sharpness and the ratios of stream division can be determined when the separation sequence is known, then it is possible to adopt the two-stage strategy mentioned above. In this study, a rational procedure is developed to search these ratios and degrees for the separation process of two multicomponent products under a given separation sequence, and the proposed procedure is illustrated through a five-component distillation separation process synthesis problem.
To simplify the synthesis problem, it is assumed that: Al: One separation method is selected.
A2: The order of physical or chemical properties upon which separation is based does not change.
A3: The maximumnumber of separators is m-1.
(m is the number of species in the raw materials.)
A4: A mass separating agent is removed in the separator immediately following the one into which it is introduced. These assumptions are the same as those of separation process synthesis with sharp separation.2A) To reduce the calculation load, it is assumed further that the reflux ratio is 1.1 times the minimumreflux ratio, and that the operating pressure is adjusted so that the cooling water (305.15K) can be used at the condenser. The total annual cost, which consists of capital and operating costs, is adopted as the objective function, and the design data and equations and the cost data and equations are the same as those in the study of distillation separation process synthesis.3)
Design Variables
In the case of sharp separation, the ratios of the stream division can be searched by manipulating the MAD4)(material allocation diagram). The introduction of nonsharp separation causes a complicated interaction between these ratios and the degrees of separation sharpness. Consider the relation between them through a five-component distillation separation process synthesis problem (separation sequence Si-S4-S3-S2), defined in Table 1 where the relative flow rate indicates the ratio of the flow rate of the product to that of the raw material for each individual species. Figure 1 shows the function of nonsharp separation on the MAD graphically where species are numbered in the order of physical or chemical properties upon which the separation is based, and St is the separation which separates a multicomponentfeed stream into two product streams (for example, distillate and residue streams of the distillation) between species Ct and CI+1. Two variables are necessary to specify the nonsharp separation, and it is defined in this study that Xt l (Xi>2), the shadowed portion, is the recovery 196 fraction of Q (Cf+1) in the residue (distillate) stream. The flow rates of the species in the product streams can be computed from these two variables if those in the feed stream are known. This means that those in the outflowing streams from the separation process can be also computed from these degrees and ratios if the configuration of the separation process is known.
It is necessary to determine a configuration suitable for nonsharp separation. This study derived it by manipulating the MAD4) based on the assumption of sharp separation, and a flow chart of this example problem is shown in Fig. 2 The number of variables is eighteen (eight degrees and ten ratios), so the degrees of freedom are eight. The ratios of the stream division can be determined by solving this set of equations if the degrees of separation sharpness are given. This means that this separation process is optimized by adjusting the degrees of separation sharpness, which are selected as the design variables in this study.
Calculation Procedure
It is necessary for the search of degrees of separation sharpness to determine the ratios of stream division by solving these equations whenever these degrees are renewed, but it is troublesome because some of the equations are nonlinear. It is not always possible to determine these ratios directly by solving the equations mentioned above for the different configurations.
An excellent approach to reduce the calculation load is developed. Firstly manipulating the MAD,4) the necessary amountseparated is obtained as shown by bold lines at every separation breakpoint in Fig. 3 , and product 1 is decomposed into subproducts as shown in Fig. 3 . These subproducts are produced in the outflowing streams of the same numbers in Fig. 2 . It is noticeable that there are two subproducts (4, 5) in the same outflowing stream. Secondly, the compositions of these subproducts can be computed from the degrees of separation sharpness based on their separation histories. For example, subproduct 3 is the distillate stream of S4 in which the feed stream is the residue stream of Sx. X is the matrix ( Table 2) in which each row indicates the composition of the corresponding subproduct. p1 i is the relative flow rate of component / in product 1. It is easy to solve these linear equations in which the number of variables is always equal to that of species, so the calculation load can be largely reduced. The ratios of stream division can be computed from /.
It is necessary to search the degrees of separation sharpness in order to minimize the objective function. The number of design variables of this optimization is VOL 20 NO. 2 1987 
X3a 0 x(l-*3,i) twice that of the nonsharp separators (eight in this example problem). These design variables are constrained implicitly and explicitly, so this study adopts the Complex (Constrained simplex) method, which is one of the direct search methods.
Nine initial base points, each composed of eight variables, are generated by random numbers. As mentioned above, whenever these degrees are renewed, the relative flow rates of subproducts are obtained, and the objective function is evaluated. Table 3 shows the optimal degrees of separation sharpness and the relative flow rates of the subproducts. It is clear from the results that these degrees vary with the separation breakpoints, and that the relative flow rates differ with those obtained under the assumption of sharp separation. Conclusion A useful method is proposed for synthesizing an optimal separation process of a given separation sequence, into which stream dividers and nonsharp separators are introduced. No method ha § been published in whichthe degrees of separation sharpness are considered. There exists a complicated interaction between the ratios of stream division and the degrees of separation sharpness. It is found from analysis of the relation between them that the degrees of separation sharpness are the design variables in this synthesis problem, and that a set of equations, some of which are nonlinear, must be solved to determine the ratios of stream division wheneverthe degrees of separation sharpness are renewed. It is troublesome to solve these equations. Decomposing the product into subproducts based on the MADmanipulation, and considering the relative flow rates of the subproducts as the variables, equations of the material balance can be reformed into linear ones, and the number of variables is always equal to that of species. Then the calculation load can be largely reduced. The Complex method is adopted to search the optimal degrees of separation sharpness because these variables are constrained implicitly and explicitly. The proposed 198 method is illustrated through a five-component twoproduct distillation separation process synthesis problem. 
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